This paper aims to present the information-based technologies used for water management in a test basin within the scope of the EU-sponsored SMART and OPTIMA projects. The study uses a dynamic simulation model with its associated databases and a water resources planning and optimization system, established through a web-based client-server implementation to support distributed use and easy access for multi-criteria optimization and decision support. The results clearly illustrate how a consistent and well-integrated set of advanced but practical Decision Support System (DSS) tools can be used for efficient "optimal" water management strategies and policies of use, designed for a participatory public decision-making process.
INTRODUCTION

River basins in most of the Eastern and Southern
Mediterranean countries suffer from water scarcity due to rapid demographic and economic development, particularly in the coastal zone, urbanization, industrialization, tourism, and an often inefficient agricultural sector as the dominant water user. Low availability of renewable water, overexploited groundwater, pollution, inefficient infrastructure, and pronounced seasonality with unfavorable demand patterns very different from the seasonal supply aggravate the situation.
The Gediz River Basin along the Aegean coast of
Turkey is a typical case where two major problems, water scarcity and pollution, need to be addressed for sustainable management of its water resources. The basin covers about 18,000 km 2 and approaches a total population of 2 million. Arbitrary penalty functions can be used for the valuation of violation of standards and missing targets, both shortfalls of supply as well as excess (flooding or pollution).
In the following sections, a brief introduction to the SMART and OPTIMA projects and their basic approach and tools are presented, followed by descriptions of the WaterWare analytical tool and the case study basin, i.e. the Gediz River Basin. In the SMART project, the topology of the Gediz
Basin is introduced to the WRM, all required data compiled and model runs are performed. The study was then limited only to the analysis of the irrigation system with scenarios based on changes in crop pattern and irrigation technologies. Regarding the basic management problems in the basin, Gediz was again used as the case study area in OPTIMA to elaborate on the work initiated in SMART and, in particular, to arrive at optimal solutions for water resources management.
The current status of the case study presented includes the simulation model runs for two baseline scenarios relating to a wet and a dry year. The annual water budget for the scenarios is then elaborated with an economic assessment procedure to determine the economic parameters for the business-as-usual case. This initial phase of the optimization procedure comprises the statement of objectives, criteria and instruments for basin management.
The next step focuses on the development of future scenarios based on the "instruments" or "water technologies" specified by Gediz stakeholders. Assessment of economic parameters for each scenario allows for the selection of the "optimum" management plan among a number of alternatives.
GENERAL DESCRIPTION OF SMART AND OPTIMA PROJECTS
foresaw the extensive use of the Internet to facilitate broad participation and a shared information basis to empower the various actors and stakeholders in the decision-making process. The integration of advanced quantitative methods and models with qualitative assessment, aggregated into policy-relevant indicators of sustainable development, have added scientific rigor to the interactive and participatory political process. This has made it possible to focus the debate on policy issues, objectives and values, rather than on the underlying physical based data and information, describing better quantifiable constraints and dependences of the physical world.
Within the framework of SMART, a common methodology for policy design, evaluation and decision-making was developed and tested in a set of parallel case studies in each of the participating Mediterranean countries, and the results were compared with the corresponding EU policies.
Lessons from the comparative analysis of these case studies helped to ensure a generic and generally applicable methodology, and at the same time help to foster interregional contacts and the exchange of experience.
OPTIMA project
The OPTIMA project is funded, in part, by the EU and up-to-date remote-sensing-derived land use information are the primary inputs. † Extending the set of objectives, criteria and constraints through expert systems technology to include difficult-toquantify environmental and social dimensions. † Putting specific emphasis on local acceptance and implementation through the inclusion of stakeholders in an interactive, participatory decision-making process, carefully embedded in institutional structures, using a discrete multi-criteria reference point methodology. † Comparative evaluation and benchmarking across the set of local and regional case studies in 7 locations, namely Cyprus, Turkey, Lebanon, Jordan, Palestine/ Israel, Tunisia and Morocco.
Within the above general framework, OPTIMA foresees a number of specific scientific and technological objectives: † To build and test, in a number of parallel comparative case studies, a consistent and well-integrated set of advanced but practical Decision Support System (DSS) tools for efficient "optimal" water management strategies and policies of use, designed for a participatory public decision-making process. † To extend the classical techno-economic approach by explicit consideration and inclusion in the two-phase optimization methodology of acceptance and implementation criteria, where the method not only helps to generate optimal solutions, but facilitates the process of agreeing on what exactly "optimal" means in any particular case. † To develop a generic approach to combine engineering analysis and formal optimization with socio-economic considerations in a unifying and consistent multi-criteria multi-objective framework. † To integrate expert systems technology and heuristics with complex simulation and optimization models to improve their usability in data-poor and data-constrained application situations. † To develop appropriate tools and methods for the communication of complex technical information to a broad range of stakeholders in the policy-making process, based on classical workshops and Internet technology, and in particular, the easy and efficient elicitation of preferences and trade-offs in an interactive, reference point approach. † To adapt and further develop formal methods of optimization for highly complex, non-linear, dynamic and spatially distributed systems that are non-differentiable by applying heuristics, genetic algorithms combined with local stochastic gradient methods and post-optimal analysis for large scale discrete multi-criteria problems.
The starting point for the project is, on the one hand, the obvious water scarcity and constraint to development experienced in the Mediterranean countries. Recognizing the severity of this limitation to sustainable development, the objective is to build efficient yet appropriate tools for optimal and generally acceptable solutions that exploit all factors likely to reduce pressure on water resources and to avoid irreversible damage within the local socio-political and institutional systems. On the other hand, and despite the progress made over the last two decades, classical optimization methods, when applied to complex, non-linear, dynamic, spatially distributed systems and models, face serious limitations in that effective optimization usually involves considerable simplifications. At the same time, optimization is usually performed, considering one or very few dimensions, usually water and economic efficiency, and fails to take economic, technological, environmental and social considerations into account simultaneously. Furthermore, the complexity of the classical mathematical programming methodologies makes it difficult to involve actors and stakeholders directly and interactively, so that the actual acceptance and implementation of what is designed as optimal but with insufficient participation by stakeholders often fails.
OPTIMA addresses all these shortcomings and restrictions with a novel, multi-step and iterative approach to optimization that extends classical approaches by: † Deriving preference structures, water issues, criteria, objectives and constraints in an interactive process with active participation with stakeholders and major actors. † Basing the first step of optimization on the full detail and resolution of a dynamic water resources simulation model embedded in a programming framework, made possible by the exploitation of more and more powerful yet affordable computer hardware. † Extending the set of dimensions considered in the optimization by socio-economic and environmental objectives, criteria and constraints into a comprehensive multi-criteria representation. † By adding a second, participatory and interactive phase that defines the trade-offs to select an optimal solution from the set of feasible, non-dominated alternatives generated in the first step by a discrete, multi-criteria reference point methodology that facilitates finding trade-offs and compromise solutions and thus defines the concept of optimality for broad acceptance.
ANALYTICAL TOOLS OF SMART AND OPTIMA
General features
SMART builds on a number of interactive tools and models for natural resources analysis. These tools are applied in five parallel case studies of partner countries, simulating that status quo as well as selected scenarios of future development. The basic analytical tool is the WaterWare system, a river basin scale water resources management information and decision support system. WaterWare describes a dynamic water budget for a given catchment in terms of water demand and supply, allocation policies, efficiency of use, water quality and the economics of demand and supply. (Fedra 2002; Fedra & Harmancioglu 2005;  http://www.ess.co.at/WATERWARE). † A dynamic basin-wide water quality model for DO/BOD and conservative or first-order decaying pollutants, linked to the water resources model, using its flow results as inputs.
The models of OPTIMA are linked to databases that describe a river basin in terms of GIS layers, monitoring time series of climatic and hydrometeorological data, and the main components of the water resources system like major demand nodes, configured in a topological network.
Linkage between the models is by means of time series of flow or water demand that summarize the output from one model as boundary conditions and dynamic inputs for another. The data and related analysis tools are accessible through the Internet to facilitate the dissemination of project results, but also to make it easier for the various actors and stakeholders in each of the regional cases to share a common information basis.
Water resources modeling
Basic features
The central model of both SMART and OPTIMA projects is a dynamic, basin-wide water resources model (WRM), which is one of the core components of the WaterWare system that is compliant with the EU Water Framework Directive 2000/60/EC Fedra 2002 Fedra , 2004a . It describes the water flow and availability, demand and supply balance on a daily basis across the basin and its elements, based on conservation and continuity laws. 
Basic outputs of the water resources model
The model operates on a daily time step; its primary state variables are the content and flow of water between the different elements. Performance of the system is expressed in terms of criteria and indicators (any one of which can be used in the optimization) such as: † Overall water budget, balancing all inputs, losses, uses, outflows including export and inter-basin transfer, and change in storage including reservoirs and the ground-water system; additional information relates to the storage/extraction relationships and thus the sustainability of the overall system in a long-term perspective. † Technical efficiency of the system: this describes the ratio of useful demand satisfied to the losses through evaporation from reservoirs and seepage losses through the various conveyance systems. † Supply/demand ratio, globally, for any and all individual demand nodes, or any functional/sectoral grouping; this also includes any environmental water demands, low flow constraints, wetland nourishing, etc. † Reliability of supply, measured at any or all demand nodes and control nodes that compare the water available with user-defined needs/expectations as constraints. † Development potential, which relates the unallocated water summed over all demand points to the total input: this, in principle, defines the amount of water that is available for further exploitation. † Costs and benefits, derived from useful demand satisfied and the added value derived, versus the costs of shortfalls (again at any or all nodes), as well as the costs of supplying the water in terms of investment (annualized) and operating and maintenance costs of structures and institutions. † Groundwater sustainability, which describes the ratio of content to the net withdrawal (balance of recharge, summed over natural and artificial) and evaporative and deep percolation losses, measured in years of reserves at current exploitation levels (ESS 2006a).
Structure of the water resources model
In order to simulate the behavior of a river basin over time, the river basin is described as a system of nodes and arcs.
These nodes represent the different components of a river system (i.e. diversions, irrigation areas, reservoirs, etc.) and can indicate points of water inflow to the basin, storage facilities, control structures and demand for specific uses. 
Water resources model dynamics
The model operates on a daily time step to represent the dynamics of water demand and supply, reservoir operations and the routing through the channel system. This daily time step can be aggregated, for output and reporting purposes, to a weekly, monthly and annual scale. Inputs at the individual nodes can again be specified at daily, weekly, or monthly resolution; different methods then construct a daily input data set from these more aggregate values.
Start node. This node provides the input flow to the simulation model, which represents the natural flows and the intervening flows (lateral inflow and subsurface base flow). The flow is represented in the following form:
where Diversion node. This node represents diversions of flow to other nodes in the system or to other tributaries. The diversion rule is such that a minimum downstream release is given priority. The operation rule is described as follows: Irrigation node. This node represents diversions of flow to the irrigation area:
where
The flow that actually reaches to the irrigation area is
where e is the conveyance loss coefficient. On the other hand, the flow that is percolated to the groundwater is calculated as:
where k is the percolation loss coefficient. The outflow from the irrigation node is 
Municipal and industrial water supply node. The municipal and industrial water supply Nodes (MI) represent water demands for industry and other purposes. The allocation rule for diverting water to the MI node is described by the following equations:
The downstream flow Q j from the MI node is described by the equation:
where R j : return flow to the river available c u : consumptive use coefficient.
Storage reservoir nodes. The operating policy of a reservoir used in WRM is the "Standard Operating Policy" (Fiering 1967) . It is described by the following equations:
The release policy is divided into three separate cases:
Similarly, the storage available in the reservoir at the beginning of day ( j þ 1) corresponds to the three cases as follows:
The following notations are used: Storage routing in tributaries. The Muskingum flood routing method is applied in WRM. In this method, the conditions relating inflows into, and outflows from, a river reach to the water stored within the reach are described by the continuity equation and an empirical linear storage equation:
, approximates the time of travel of the wave through the reach, with
s: weighting factor, in natural channels usually varies between 0.1-0.3, specifying the relative importance of the inflow and outflow in determining storage.
Scenario development
As noted above, the dynamic daily water budget is summarized in terms of supply/demand ratios, globally (Fedra & Harmancioglu 2005) .
Different allocation scenarios and also the use of different water technologies lead to different cost -benefit ratios for the system. From the set of results generated, any number of constraints can be derived for the optimization, both global criteria aggregated over all nodes and a yearly simulation run such as overall reliability of water supply, as well as node-and location-specific constraints defined as minimum or maximal flow (or supply) expectations, again with different temporal resolution and aggregation.
The optimization approach of OPTIMA
Basic features
The optimization approach is conceptually simple, and the full complexity of the simulation models is used to retain the distributed, non-linear and dynamic features of the problem. The optimization is split into two steps: in the first step, a set of feasible, non-dominated solutions are applied, using a large, inclusive set of criteria and options expressed as combinations of decision variables. The decision variables can represent structural changes, alternative allocation rules, different efficiencies through alternative technologies and changes in demand patterns. Alternatives are generated by a Monte Carlo approach embedded in a heurist driving framework that uses concepts of genetic algorithm, including the "re-combination" of parameter sets of successful trial runs (Fedra & Harmancioglu 2005) . The set of alternatives is tagged with their expected effects in terms of selected performance criteria, so that after a failure, violating one or more constraints, one can select alternative values for the decision variables using these heuristics. Once a solution that meets the constraints is found, its local neighborhood in parameter or decision space is explored, using a stochastic hill climbing method. Populations of feasible solutions are developed around major structural alternatives, which are then used as the starting points for the next round of generating alternatives with modified constraints.
Next, a discrete multi-criteria methodology is used to identify the optimal solution, given a reference point in performance space (Fedra & Harmancioglu 2005) . The default reference point is utopia, and the performance space for all criteria is normalized as a degree of achievement in the interval between nadir and utopia. The last step of defining reference points is done interactively with the actors and stakeholders or their proxies involved: criteria can be excluded or included (which leads to different sets of non-dominated alternatives), constraints moved and different reference points defined to immediately see the consequences of each preference structure, expressed in natural units for all constraints, and learn about trade-offs and possible solutions.
Objectives, criteria and constraints
The optimization problem is formulated, in general, for meeting as many targets as possible, and minimizing costs or maximizing a benefit/cost ratio. Targets can be defined for each diversion node, each demand node, reservoirs and an arbitrary set of control nodes along the reaches. The system records any deviations from these targets, i.e. flows above or below the pre-specified value. From that, a given scenario run can be characterized in terms of its overall supply/demand ratio, the sectoral values for agriculture, industry and domestic demand; reliability of supply, which 
Discrete multi-criteria optimization
The basic logic of a discrete (multi-criteria) decision support approach is simple: a set of possible alternatives for the systems behavior is generated (by various modeling techniques), each representing an alternative control or management strategy leading to a corresponding performance of the system. This performance is described in terms of criteria that can be evaluated and compared (explicit or implicit trade-offs) to arrive at a final preference ranking of the alternatives and an eventual choice of a preferred alternative as the solution of the decision process. This set of alternatives to choose from can be generated within a single, or several alternative sets of scenarios of assumptions on uncontrollable external variables.
However, it is important to remember that these assumptions on uncontrollable external factors are not subject to choice and thus the decision-making process (ESS 2006b).
The first phase of the optimization process is based on a complex water resources simulation model, WRM, which can generate one or more feasible solutions. If there is more than one feasible solution, a second selection process has to be used to identify a preferred solution from the set of feasible alternatives with multiple criteria. This is a classical discrete multi-criteria decision problem (Bell et al. 1977) .
A decision involves the choice between alternatives A 1, … , A n . These are described by a set of attributes X 1 , … , X j , … , X n and each alternative A i can be described in terms of these attributes or criteria. Thus, the choice or alternative A i can be described with the attribute vector X i ¼ (x i1 , … , 
In the case of numerous scenarios with multiple criteria, one can define the partial ordering
where at least one of the inequalities is strict. A solution for the overall problem is a Pareto-optimal solution:
As a generic decision support tool, a discrete multi-criteria approach is to be implemented to find an efficient strategy If the set includes more than one solution, the constraints can be tightened in the same interactive and iterative procedure as above, but in the opposite direction. Finally the procedure ends whenever the decision-makers are satisfied (ESS 2006b).
CASE STUDY Gediz River Basin in Turkey
The Turkish case study of both SMART and OPTIMA focuses on the Gediz River Basin along the Aegean coast (Figure 1 ), where water scarcity is a significant problem.
Water shortage is due basically to competition for water among various uses (water allocation problems), mainly irrigation with a total command area of 110,000 ha versus the domestic and fast growing industrial demand in the coastal zone, and environmental pollution although the basin experiences droughts from time to time. The basin encompasses an extensive irrigation system, as shown in Figure 2 , which is the major consumer of surface waters.
Current analyses on the hydrologic budget of the basin indicate that the overall supply of water for various uses is approximately equal to the overall demand. In practice, this means that there is no reserve for further water allocation in Gediz. Thus, water allocation is a major problem, which has to be optimized among various competing water uses under environmental as well as institutional, legal, social and economic constraints (Svendsen et al. 2005) .
The basin experienced periods of significant droughts in the past, the most severe one to occur being between the There is a close interaction between these issues as the inland practices of water and land management led to coastal problems in the Bay of the city of Izmir, which neighbors and consumes a significant portion of the Gediz Basin water resources. Thus, the region as a whole requires analysis into sustainable management of natural resources from various perspectives. The case study involves the problems of water shortage, competing uses and high levels of pollution that are typical for the coastal zone and its rapid economic development.
An optimization approach is required to solve problems of water shortage and competing uses of natural resources under physical, institutional, legal, social and economic constraints.
Modeling studies
WaterWare (WRM) of both SMART and OPTIMA is used to identify the basin as a system operating on a topological network of nodes and reaches. These two specific years are selected as various types of basin data are complete only for these periods.
In the SMART project, the above topology of the Gediz Basin is introduced into the WRM, all required data compiled and model runs are performed. The study was then limited only to the analysis of the irrigation system, with scenarios based on changes in crop pattern and irrigation technologies. Regarding the basic management problems in the basin, Gediz was again used as the case study area in OPTIMA to elaborate on the work initiated in SMART and, in particular, to arrive at optimal solutions for water resources management.
As noted previously, the dynamic daily water budget is summarized in terms of supply/demand ratios, globally and by economic sector or administrative unit; reliability of supply;
and the set of violations of any of the constraints defined for the control nodes. Accordingly, the initial step of the optimization procedure is to identify the criteria, objectives and constraints for management of the case basin. These factors essentially relate to the preferences and priorities of basin stakeholders; thus, a stakeholder workshop was held to specify the inputs to the optimization process. The workshop has identified two major problems within the basin: water pollution and overexploitation of water resources. As the water quality component of the OPTIMA modeling system is still being developed and revised, the current studies presented in this paper relate mainly to water scarcity problems.
Gediz Basin stakeholders have identified, in global terms, the expected supply/demand ratio as 1.13, reliability of supply as 86% and the benefit/cost ratio as 1.25. Similar figures have also been specified by each economic sector, such as agriculture, industry, tourism, commerce, households and services. Furthermore, the stakeholders have specified constraints and instruments for remediation of the major problem of water scarcity. The majority agreed on rehabilitation of the existing irrigation system and the use of more efficient irrigation technologies as the initial activities to be undertaken towards optimization of basin management. Reliability refers to the total number of days within a year where the difference between supply and demand is equal to or greater than demand, divided by the total number of days within a year where demand exists (i.e. 365 days).
In terms of water scarcity, it is apparent from the tables that, for a dry year, when restrictions on water supplied amount to over 50%, the benefit/cost ratio falls below 1.
Yet, the global reliability levels for the two years are approximately the same, as municipal and industrial water demands are satisfied with 100% reliability, using groundwater. However, reliability is decreased for irrigation water supply in 1991 since this sectoral water demand is met by surface waters. The problem to be stressed here is that, in a dry year like 1991, groundwater reserves are significantly depleted when municipal and industrial demands are totally met. In such a case, the water table is lowered so that, eventually, pumping and conveyance costs increase. Tables 3 and 4 summarize water budget criteria similar to those in Tables 1 and 2 This is the initial step to be performed before developing future scenarios based on "instruments" specified by Gediz stakeholders. Once these scenarios are set up and assessed for their economic parameters, one can select the "optimum" management plan from among a number of alternatives.
Optimization studies
Basic optimization scenarios
Optimization studies for Gediz Basin management are based on WRM scenarios of the previous sections, where the years 1982 and 1991 are selected to investigate the differences between dry and wet climatic conditions in the basin. As noted earlier, basin stakeholders have identified water scarcity as one of the priority problems so that the 
Water technologies used for optimization
Gediz stakeholders have identified two basic instruments which can reduce sectoral water demands in the basin:
education and training of water users and rehabilitation of the existing irrigation system. Domestic water saving measures at residential scale have also been proposed.
These instruments, described further in the following sections, are defined in specific terms and uploaded to the online water technologies database maintained by ESS at the OPTIMA website. Table 7 .
The minimum implementation rate of the above technology is set as 50%, and the expected reduction in water demand/consumptive use is 10%. The reduction in which is the largest municipality in the basin, is estimated to be of the order of 3,500 e and the annual operational cost of the order of 2,900 e. These costs are then downscaled to other municipalities, regarding their population in proportion to that of Manisa. The distribution of costs for the technology at each municipal demand node is presented in Table 8 . Here, the lifetime of the technology is set to 10 years with a minimum implementation rate of The economic lifetime of the technology is restricted to that of the installed apparatus, and it is set to 10 years.
The residential plumbing fixtures can be applied at household scale for 30 e each, and there are no operational costs involved. The minimum implementation rate of the technology is 25%, and 25% reduction in urban water consumption is expected. Table 9 summarizes the application costs for this technology at each municipal demand node.
Channel lining and irrigation technologies. Gediz stakeholders stress that the water conveyance systems of the existing large-scale irrigation schemes should be replaced by pressured pipeline systems to reduce water losses due to high evaporation and seepage along the canals. Furthermore, the current classical flooding-based field irrigation practices should be changed in favor of water Table 10 summarizes the investment and operational costs for the above instruments at each irrigation district.
Optimization scenarios and results
The basic (rigid) constraints used in optimization are prescribed on the basis of stakeholder questionnaires where the stakeholders were first asked to define the significance levels of indicators on basin physical conditions, water management, demand and supply. Next, stakeholders identified specific indicators to describe the overall performance of the basin. Table 11 summarizes these indicators and their ranges as dictated by the stakeholders. The last column indicates, in particular, the preferences of DSI, as it is the sole governmental planning agency that is responsible for water allocation in the basin.
The economic indicators as defined in Table 11 are highly varied, and the expected net benefit and economic efficiency values do not appear to be realistic. This is due to stakeholders' lack of information on basin economics; in fact, basin stakeholders do not consider the economic dimension of basin management as one of their top priorities. In the optimization procedure, the target constraints set by stakeholders are far from representing the performance of the basin system for the dry year (1991) baseline scenario where the drought is highly effective. Accordingly, the rigid constraints used for this scenario are relaxed to arrive at some set of feasible results. In contrast, the 1982 scenario seems to easily meet the rigid constraints, except for the economic ones, so that these values are tightened to identify the best system performance.
The optimization procedure is run first for the year 1991, as the WRM simulations for this period indicated that system performance is negatively affected by drought conditions. In this case, the rigid constraints specified by basin stakeholders are used; that is, the supply/demand ratio and reliability of supply are set to 90%, and the benefit/cost ratio is taken as 1.5 while the direct net benefits is prescribed as 1,000 e/ca ( Figure 5 ). After the first run of the optimization procedure, it was observed that the above constraints were far from describing the baseline system performance so that the result was a "failure",
i.e. none of the 10,000 runs were able to meet the specified rigid constraints ( Figure 6 ). For example, the expected net benefit was set as 1,000 e/ca, whereas the optimizations runs showed that the maximum net benefit should be less than 50 e/ca when the water technologies are implemented. Even the selected supply/demand ratio of 90% was not realistic as it barely and future optimization scenarios, the rigid constraints specified by basin stakeholders are used again so that the supply/demand ratio and the reliability of supply are both set to 90%, the benefit/cost ratio is taken as 1.5 and the direct net benefits are set to 1,000 e/ca. With these inputs, the hydrologic performance constraints were successfully met but optimization failed after 10,000 runs due to high direct net benefit value selected, which, in reality, has to be around 70 e/ca (Figure 8 ). On the other hand, the optimization runs easily met the supply/demand ratio and the reliability of supply constraints so that none of the attempted solutions failed. Even the benefit/cost ratio set initially to 1.5 was found to be around 2, which means that the system itself performs better in a wet year than expected by the stakeholders. Another criterion, i.e. "water cost", was derived to be below 0.20 e/m 3 , which again is better than the stakeholders' desirable value of 0.25 e/m 3 .
Following from the above results, the hydrologic constraints were then tightened and economic constraints relaxed to arrive at a feasible solution set. The supply/ demand ratio, reliability of supply and the benefit/cost ratio were tightened to 0.985, 0.98 and 2, respectively; the economic constraints were set as 73 e/ca for direct benefit and 0.18 e/m 3 for economic efficiency. Other constraints such as water cost, net benefit, total benefit, etc., were used as rigid constraints to find a better set of feasible solutions.
Eventually, a feasible set of 50 solutions were obtained for GEDIZ BASELINE 1982 scenario after 2028 runs, for which the rigid constraints selected are shown in Figure 9 .
Post-optimal analysis
OPTIMA uses a two-stage optimization approach specifically designed to facilitate a participatory approach and continuing stakeholder involvement. The first phase presented above is based on evolutionary algorithms for complex optimization that identifies feasible solutions meeting all or as many as possible of the user expectations expressed in terms of constraints on performance criteria. The second phase is a subsequent discrete multi-criteria decision-making that is oriented towards conflict resolution. The latter defines the tradeoffs between the conflicting objectives using a reference point methodology and the concept of Pareto-efficiency to arrive at a generally acceptable solution as a global optimum (ESS 2006b).
ESS-Austria has provided a decision support system tool called Discrete Multi-Criteria (DMC), which is utilized for post-optimal analysis to satisfy the second phase of the optimization procedure. DMC implements the reference point methodology of multi-attribute theory. Its basic advantage is simplicity, i.e. the use of a minimum set of assumptions, so that it lends itself to interactive use. The method first partitions the search space into dominated and nondominated alternatives (i.e. generating a Pareto-optimal subset), always depending on the user's choice of the criteria to be considered and any constraints specified (ESS 2006b).
Evaluation of Gediz baseline optimization scenario results with DMC
The sets of feasible solutions for the baseline scenarios of 1991 and 1982 are imported into the DMC tool to obtain possible Pareto-optimal and non-dominated alternative solutions within the feasible sets. Although the primary concern of this step of the optimization procedure is conflict resolution and trade-offs among different stakeholder preferences, it also enables us to assess the implementation rates of the planned water technology investments and system performance through this investment.
Assessment of feasible solution sets with the DMC tool requires again a consideration of stakeholder priorities.
Gediz stakeholders have agreed on maximizing criteria such as the overall supply/demand and benefit/cost ratios.
The reliability of supply criterion is also important for the stakeholders as the agricultural sector in particular is sensitive to supply reliability, and farmers do not favor restricted irrigation under drought conditions. Accordingly, all optimization scenarios were re-evaluated through maximizing supply/demand ratio, reliability of supply and benefit/cost ratio criteria while keeping the direct and indirect water costs to a minimum.
As an example, the list of feasible alternatives imported to the DMC tool is given in Figure 10 Table 14 .
CONCLUSION
Simulation studies within OPTIMA have shown that the Gediz Basin is highly sensitive to drought conditions, and irrigation is the sector that is affected the most by water scarcity. Basin stakeholders consider rehabilitation of the existing irrigation systems and improvement of in-field irrigation practices as possible measures to cope with droughts or water-scarce years.
In the optimization studies, the hydrologic constraints specified by basin stakeholders could not be met for dry year simulations. On the other hand, economic constraints cannot be met even during wet years. The basic reason for this situation is the stakeholders' lack of information on the economic performance of the Gediz Basin. Another deficiency in terms of basin management is that, except for domestic water use, prices per m 3 of water consumed
have not yet been specified so that a significant factor in terms of water economics cannot be assessed.
The post-optimal analysis of feasible scenarios allows determining the best solution in terms of investments to be realized under the specified constraints. Thus, if a decision is to be made on investment for rehabilitation of the existing irrigation system, it would be reasonable to initiate such improvement in the abovementioned districts.
As a general concluding remark for the presented study, it can be stated that the results obtained so far clearly illustrate how a consistent and well-integrated set of advanced but practical Decision Support System (DSS) tools can be used for efficient "optimal" water management strategies and policies of use, designed for a participatory public decision-making process.
